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ABSTRACT 


The kinetics of ammonia substitution into tetrachloropalladate (II) 
ion were studied by ultraviolet spectroscopy. The reactions in aqueous 


solution follow the course 
ka le 


Pd¢1, =——____-___» Pd (NH, )C1, —_-__________» cis-Pd(NH,),Cl, 


4 3 3 3 
ee 
trans-Pd(NH,) Cl 


Each pseudo-first-order rate constant was found to obey the two-term 


"9 


rate law. ¥ i 


7 


_ an wre) 
k= leer k, (NH, ) 


indicating a dual-path mechanism involving solvent substitution. 


Values found at 30°C and Wu = 1 are Kl = 89.8 Be ee ko = 3155 ie 
een kK ae Leas, ae and k = 6.5 eel See Values estimated for the 
1 b2 
; , 2 -1 = -1 
rapid step leading to cis-Pd(NH,),Cl, are Kal = 630 sec —§ and Koo 220 M 
oe 


Activation parameters of the first step are calculated. 


The trans and cis effects are discussed. 
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SECTION I 


INTRODUCTION 

Palladium is a transition element, lying vertically between Ni 
and Pt in the periodic table. Like Pt and Ni, it forms square planar 
complexes in the +2 state. Current theory is that the square planar 


configuration is a tetragonally distorted octahedron of the type: 


where the S ligands are solvent molecules or other species present and 
are loosely held at the apices. 
The chloroammine series of complexes is comprised of six complexes: 


PdCl, ; PdC1,(NH,) ; PdC1,(NH,), (which exists in both cis and trans 


isomers) ; PdC1 (NH); and Pd (NH), The kinetics and equilibria of 


the ammonia-rich species as well as the kinetics of Cl substitution 


into PdC1, (NH,), and PdC1, (NH,) have been Ropetecd re. The chloride- 


rich equilibria are unknown, however, as is the cis-trans equilibrium 
39° When NH, is added to a solution of PdCl, , a rapid 


substitution reaction occurs, initially forming PdC1, (NH 


of PdC 1, (NH 


3)? then 
continuing more slowly to ultimately form Pd(NH,)," The kinetics 


of the first two substitutions of Cl by NH, is the main topic of 


3 


this thesis. 


b) . A. Reinhardt, N. L. Brenner, and R. K. Sparkes, Inorg, Chem., 


, 254 (1967) 


Ln 


2)R. A. Reinhardt and R. K. Sparkes, ibid, 6, 2190, (1967) 


3) 4 J. Poe and D. H. Vaughn, Inorg, Chim. Acta, l, 255 (1967) 


iM 


SECTION IT 


MECHANISM AND EFFECTS 


STERIC MODEL 

The square-planar geometry is well suited for substitution by 
associative pathways since there are two coordination positions open 
for attack by an entering group. From a purely steric consideration, 
the transition state or intermediate (which is five-coordinated) is 
expected to have a trigonal-bipyramidal geometry, as shown in Figure 
2-1. This form allows minimum mutual electrostatic repulsion of the 


ligands and, in addition, allows each ligand maximum room. 


vt 


ns 


: om/ 
a ae —_ 


iF a a N “- aunt ~ = Iai Cae i , oo —— ma a Y 
ee , A is ww 


Figure 2-1: Square-planar substitution via a trigonal- 
bipyramidal transition state. 


RATE LAW 
It is generally aeeenned. that most square-planar substitutions 


follow a two-term rate law of the form: 


d(Complex) _ f, 
- = = +k, tg k, @%) (Complex) 


where a and ky are first and second order rate constants respectively, 
and (Y) is the concentration of the entering ligand. The second order 


term follows directly from the proposals in the preceeding section, but 


the first order term indicates the existence of another pathway. 


4) Basolo and R. G. Pearson, Mechanisms of Inorganic Reactions, 
2nd Ed., J. Wiley and Sons, Inc., New York, 1967, pp. 377-378 


0 


If a mechanism is postulated involving replacement of the leaving 
group by a solvent molecule with consequent rapid elimination by the 


entering group, the rate law can be re-written as: 


- —eteomples) fk. (S) + k, yt (Complex) 


where Kk = k (S). If, however, the rate-determining step in the solvent 
pathway is the solvent replacement by the entering group, the rate law 


becomes: 


_ _d(Complex) _ eo i) +k, co} (Complex) 


dt (X) 
where (X) is the concentration of the leaving group. 

The foregoing discussion has been concerned only with the entering 
and leaving groups. Other ligands in the complex, however, may affect 
the values of either or both rate constants although they do not appear 
explicitly in the rate law. 

TRANS EFFECT 

Basolo and Pearson” have defined the trans effect as the effect 
of a coordinated group upon the rate of substitution reactions of 
ligands opposite to it in a metal complex. This is generally considered 
an accelerating effect and will be defined as such here. 

Although the trans effect of ligands undoubtedly varies with the 


substrate, the generally accepted "average" order is 


CN ~ CO ~ C,H) aN0, ~ I~ SCN >Br ~ Cl PNH~ OH ~4150 


Iwo distinct, but not mutually exclusive theories have been sug- 


6 ; 
gested to explain the trans effect . One, the electrostatic polarization 





2s Basolo and R. G. Pearson, ibid, p. 356 


6) 


C. H. Langford and H. B. Gray, Ligand Substitution Processes, 
W. A. Benjamin, Inc., New York, 1966, pp. 25-29 


1 


theory explains the effect in terms of p orbital distortion by the 


trans ligand. Since the trans group and the leaving group share the 





same p orbital, a group with a particularly strong o interaction with 
the orbital may weaken the bond to the leaving group. The leaving 
group then moves out of direct alignment as it "seeks" more orbital 
overlap with adjacent p orbitals. This allows the entering group to 
move in as shown in Figure 2-2 to form the trigonal-bipyramidal 


transition state. 
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Figure 2-2: Change in metal p orbitals structure in square- 
planar suvstitution. 


Second, the "n-bonding'' theory attributes the trans effect to 
the ligands ability to form d-dr bonds with the metal atom. This is 
shown in Figure 2-3, and we observe that a t-bonding ligand will with- 
dra’ electron density in the dn orbital which it shares with the ligand 
trans to it. This charge withdrawal makes the region around X more 
accessible to nucleophilic attack. A shortcoming of this theory is 
immediately obvious; it extends only to ligands with vacant d orbitals 
available to form the required t bonds. Hence, it will not apply to 


ligands such as NH, and H,0. 


ee Bei o 
call i 


Ce i 
3 - Na) 
ae 


Figure 2-3: m-interaction with trans ligand L, showing 
reduced charge density in vicinity of leaving 
group X, 
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CIS EFFECT 


In contrast to the profound influence of groups trans to the 
leaving group, the cis ligands have only a small effect. The cis 
effect may be defined as the effect of a coordinated group upon the 
rate of substitution reactions of ligands adjacent to it in a metal 


complex. Poe and yovemne discuss the accelerative properties of 

a cis NH. , while Martin’ defines the cis effect due to Cl asa 
retarding effect. The cis effect, in general, will be defined here as 
a retarding effect. 


Although the differences in cis effects are small, in some 


cases they can be more important than trans effects, particularly 





when comparing groups of weak and nearly equal trans effect. 
Martin, et al., in studies of the rates of aquation of the chloro- 
ammine Pt (II) complexes, found that the difference in cis effects 
of NH, and Cl (C1 >NH,) was larger than their trans effect dif- 


ference (Cl >NH,). The cis ligands, therefore, determine the 


relative rates in these complexes. 


lone A. Tucker, C. B. Colvin, and D. S. Martin, Inorg. Chem., 


3, 1373 (1964) 


as? 


i> 


SECTION III 
MATHEMATICAL MODELS OF KINETICS 


The study of reaction kineties requires the measurement of some 
changing aspect of the system as a function of time. Among the methods 
usable for these measurements are Sspectrophotometry, potentiometry, 
chromatography, coulometry, and polarimetry. Of these, ultraviolet- 
visible spectrophotometry was selected as the method most likely to 
give valid, reproducible results with a minimum of time and labor. 

The instrument to be used, (a Beckmann Model DU spectrophotometer), 
was not capable of Scanning a continuous spectrum. Therefore, a par- 
ticular wavelength had to be selected at which the change in absorbance 
with time was proportional to the changing concentration of one of the 
reacting species. 

To make this selection, consider the general sequence 


wil wy 


A ——————_> B ———————— C 


where ky and k, are pseudo-first-order rate constants. Then the 


instantaneous concentrations of A and B are given by 


-k,t 
(3-1) (A) = (A),e * 

k, (A) -k_t -k,t 
eZ) (B)= ~—~[e > -e *] 


Now, let D be the absorbance of the system, or 


(3-3) D= Le, (A) E e, (B) “ En (C) jl 


8 
De A. Frost and R. G. Pearson, Kinetics and Mechanism, 


John Wiley and Sons, Inc. New York, 1953, p. 153 
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th 


where é. is the molar absorptivity of the i species and 1 is the path 


length. If Do is defined by 


Deo =e, (A) 1 


then equation (3-3) may be rearranged to give 


(3-4) Oe = (e, - 5) (A) + (eg - &) @) 


so that substitution of (A) and (B) from (3-1) and (3-2) will yield 


-k,t 


D l 


(3-5) ae =f[ (e, - Eq) + X (€, - En) | (A) ,e 


-kyt 
- X (e, - €q) (A) ,e 


where X = kf, - k,) 


Thus, either step of the sequence may be studied, providing only that 
the molar absorptivities are such that the unwanted term will drop out. 


Pd (NH is known to have an absorbance maximum at 380 aie and 


32°19 
- 2,3 

Pd (NH. )C1, has been reported ’ to have a maximum in the vicinity of 

430 mu. Thus, it was logical to investigate the region around 405 mu 

to determine the point where Ep = Eas 


Since, at this point, D - De is a function of k, only, a plot of 


it 

In(D - Deo) versus time will be a straight line. In addition, a pseudo- 

isosbestic will appear as the exponential factor becomes negligible. 
Using a Beckmann DB spectrophotometer, repeated scans of D vs. i, 

where } ranged from 600 — 220 mu, were made on a reacting solution. 

A careful study of the resulting records indicated that, at a wavelength 

of 400 MW ,€, = En- This wavelength, therefore, was used in all studies 


of the first step. 
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To find the rate constant, Ky» from absorbance versus time measure- 
ments, it is necessary to know, or to eliminate, Dew. This may be done 


by the following stratagem. Consider a wavelength at which Ep = €a: 


Then equation (3-5) may be written as 


“kt 
(3-6) D = (€, - Eq) 1 (A) .e + De 


Differentiating this with respect to time gives 


aoe 
dnt ts . 
ac ee eee 
Ca = -k, (D - De) 
= eK + k | Doo 


So that a plot of dD/dt versus D should give a straight line witha 


slope of -k, and an intercept of the D axis equal to Do. 


i] 
To study the second step, it is necessary to find a wavelength, 

if one exists, where the pre-exponential factor of the first term of 

equation (3-5) is zero. This may occur in two regions, i.e., when 

€,7e >€. or when ¢,7¢,2¢,. Wh thes ..ualities are satisfied, 

Are c7ep HOF Bec? eA ere ese wia lities E 


D - De is a function of ky only. A plot of 1In(D - Do) will thus be 


Linear with time, and a pseudo-isosbestic will occur as discussed 
above: 

An intensive examination of the repeated scan spectra revealed 
neither a linear relationship between 1ln(D -De) and time nor an isos- 
bestic condition except at 400 mu. Hence, there was no wavelength 
where the inequalities between molar absorptivities were properly 
satisfied. There is, at present, no clear reason for the apparent 
non-existence of such a wavelength. There are, however, at least two 
possibilities: 


1) The desired wavelength does not lie between 600 and 200 m, or 


18 


2) An unsuspected reaction interfered with and obscured the 
proper relationship. 
Since this technique failed to produce the desired results, data 
on the kinetics of the second step had to be obtained by a different 
method. Recalling that the concentration of B as a function of time 


may be expressed as 
(e-2) (3) eee = | 


ace kK and k, are sufficiently different, e.g., kaa 


D then, at long 


pds 


times, 


(3-8) (B) = ~—— e 


-k ; : 
Since e iL: is approximately zero, the first term of (3-5) disappears, 
and the expression for absorbance as a function of time is just 


kK “kt 
3-9 = a Po 
(3-9) Dae De ap (e, En) 1 (A) .e 
2 i 
Thus a plot of 1ln(D - Dw) versus time should give, at long times, a 
straight line with slope of “ky and intercept of Lk, /(k, - kK) (¢,-€,) @),. 


Figure 3-1 illustrates this condition. 


In this case, k, may be determined by subtracting the actual 


1 
values of D - Dw from those obtained by extrapolating the Ke line to 
corresponding times to give a difference, A. A plot of the natural 
logarithm of A versus time should be linear with slope of kK) and 
intercept of (¢, - e, [A]. Figure 3-2 gives an illustration of this 


procedure. 
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Figure 3-1: 
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Pioe of In(D°="eyevee cate. 
Showing linear behavior of 
composite rate at long 
times. 
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Figure 3-2; Plot of in A versus time. 
Showing linear behavior of 
the difference between a 
composite rate and one of 
its componant rates. 


Solution: G5C 3 -1 


K obsd = 1:05.x« 10 sec 


10 15 20 25 30 3D 40 45 50 3D 60 
Time (Minutes) 


Ze 


MOLAR ABSORPTIVITIES OF PdCl1, IN 3M HCl 


Wavelength 
(mu ) 


310 
320 
330 
340 
345 
350 
355 
360 
370 
380 
390 
4.00 
410 
420 
430 
44.0 
450 
460 
470 
480 
4.90 
500 


All solutions are 3M HCl. 
Palladium concentrations were: 


C-6 0.000125M 
C-7 0.000471M 
C-8 €270015 1M 


C-6 


1337 
720 
555 
441 


Zby 


TABLE 
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3-1 


C-7 


4 


C-8 


es 
Sie. 


Zo 
re) 


53 
Ue 
os 
|B Bs 
134 
Loe 
163 
163 
145 
124 


Mean 


Wavelength 
(mp ) 


280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
SUEhG, 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 


a) 
b) 
c) 
d) 
e) 


S. C. Srivastava and L. Newman, Inorg. Chem., 5, 1506 (1966) 


Ref. 3 


TABLE 3-2 


MOLAR ABSORPTIVITIES OF THE CHLOROAMMINE 


Pd4 


112007 


126 


COMPLEXES OF PALLADIUM 


Pd3 


27 


1304 


cis-Pd2 


1500 


Approximate value from first step studies 
Approximate value from second step studies 


Ref. 9 
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In order to follow the change in absorbance due to B with minimum 
interference, it was desirable to choose a wavelength where Ey Ec. 
Previous work by Reinhardt” had produced values of trans-Pd2 molar 
absorptivities in the range 290 - 440 mt. Little information was 
available, however, on either cis-Pd2 or Pd4. It seemed reasonable to 
assume that the molar absorptivities of the cis isomer of Pd2 would 
not vary greatly from those of the trans jeter. therefore the 
available information was used without correction. 

Determination of values for Pd4 was carried out using 1 cm. cells 
in the Beckman DU at room temperature. Three solutions of (NH), PdC1, 
were made up in ca. 3M HCl and run against a reference solution of 3M HCl. 
Values obtained are displayed in Table 3-1. Palladium concentration in 
these solutions was determined gravimetrically as the salt of dimethyl- 
mivoxite 

Table 3-2 is a compilation of available molar absorptivities for 
the entire chloroammine series of palladium. Inspection of the data for 
trans-Pd2 and Pd4 indicates the €, ~ &, at about 418 mu, consequently 


this wavelength was selected for study of the second step. 


DR. A. Reinhardt, Naval Postgraduate School, private communication, 


1967 

10) 

F. P. Treadwell and W. T. Hall, Analytical Chemistry, Vol. II 
John Wiley and Sons, Inc., New York, 1942, p. 140 
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SECTION IV 


EXPERIMENTAL METHODS 


MATERTALS HANDLING 
Ammonia was derived from the dissociation of ammonium ion, according 
to the relationship 


(NH, ”) 


(4-1) Qe) = eZ 
3 “NH, (Ht) 


Since the anticipated form of the rate law required knowledge of the 
ammonia concentration, the pH of the system had to be controlled by 
addition of a buffering solution. The acetic acid-acetate ion system 
was chosen for two reasons: 

1) It gave the desired pH 

2) It was shown not to interfere with the reactions being studied'* 


The hydrogen ion concentration in acetic is given by 


(4-2) (H") = K, 4, (HOAc) 


(OAc™ ) 


Substitution of this into (4-1) gives 


Su,* (OAc ) 


One 


so that the ammonia concentration will be a constant multiple of the 


(4-3) 


4 
(NH. ) = (NH, ) 


ammonium ion concentration. 
The acetic acid was made up by diluting glacial acetic acid to 


approximately 0.1M, then standardizing against freshly prepared NaOH 


which had, in turn, been standardized with potassium acid phthalate. 


oe. Layton, D. W. Sink, and J. R. Durig, Jisimorpatewear Chem., 
26,196) Glgeo) 


13: 


Acetate ion was provided in the form of anhydrous NaOAc. This 
was oven-dried at 110°C and stored in a glass desiccator until used, 

The buffer solution was made up by adding a calculated amount of 
dry NaOAc to a known votime of acid. Concentrations were calculated so 
that 10 ml of buffer solution in 100 ml of reacting solution gave a 
Zed concentration of 0.01 M, 

Palladium was supplied as dry Na, PdC1) . Palladium stock solutions 
were made up in 100 ml portions as required and kept in a constant temp- 
erature bath at the temperature currently being used for kinetic runs. 
Stock solutions were ca. 0.005 M Pd in a 1 M NaCl solution, the Cl™ 
serving to repress hydrolysis and maintain the Pd in the PdCl, complexed 
state. 

Two sources of NH aac used, depending on the chloride ion concen- 


4 


tration desired. All 1M Cl solutions used NH,Cl, while all other 


4 
solutions were made up from NH, C10, . Preparation varied slightly in 
that the NH, C1 was used as a dry solid, while the perchlorate was made 


up in a 1 M solution and pipetted into the reacting solution. 


Chloride was added as dry NaCl with NaC1l0, used where necessary 


4 
to maintain the desired ionic strength. In both cases, the salts were 
oven dried at 110°C and stored in a glass desiccator until used. 
EXPERIMENTAL PROCEDURES 


For each run, the predetermined amounts of dry reagents (NaCl, 


NaC10, , and NH,C1l) were weighed and transferred quantitatively to a 


4 
clean, dry 125 ml er lenmeyer flask. Ten milliliters of buffer solution 
and the desired quantity of NH, C10, stock solution were pipetted into 


the flask, , The solution was stirred magnetically to dissolve the dry 


constituents and made up to a previously calibrated 90 ml mark. The 


’ 
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flask was placed in a constant temperature bath for a minimum of three 
hours before a kinetic run was commenced. 

Palladium stock solution was made up in a similar manner, except 
that the NaCl was fully dissolved prior to adding the solid Na,PdC1, . 

All kinetics runs were made using a Beckmann DU spectrophotometer 
equipped with a Beckmann thermospacer on each end of the cell compart- 
ment and a thermojacket surrounding the cells. The thermojacket assembly 
consisted of a base plate which replaced the Beckmann 10 cm cell holder 
and was located by the same notched adjusting rod used with the Beckmann 
holder. 

The jacket was fabricated from rectangular brass waveguide. Brass 
tubing was silver soldered inside the waveguide, then bored to finished 
diameter to accept the cells used. Small (1/8 in. O.D.) brass tubes in 
diagonally opposite corners provided coolant inlet and exit passages. 

A new cell compartment cover was made to provide interior and 
exterior attachments for Tygon tubing which carried the coolant. A 
reducer in the cover accepted the 1/4 in. I.D. tubing used externally 
and the 1/8 in. I.D. tubing used for final connections to the thermo- 
jacket. 

Water from a constant temperature bath was circulated through both 
thermospacers and the thermojacket by a submerged pump operating in 
suction. Initial connection from the bath was through an insulated 
stainless steel tube. 

In addition to the DU, a Beckmann DB recording spectrophotometer 
without temperature control was employed for rough qualitative analysis 


of the Pd stock solutions and all run solutions. 


2/7 


Cells used were, for the DU, 10 cm cylindrical Beckmann standard 
Silica cells. For work on the DB, 1 cm square Beckmann standard silica 
cuvettes were utilized. 

At least one hour prior to any run, the DU and thermojacket circu- 
lating pump were turned on and allowed to warm up. The DB was warmed 
up approximately 20 minutes before use, although this was not considered 
ermlti Gal... 

Prior to each run, the sample cell was rinsed five times with 
distilled water and three times with 95% ethanol. It was then oven- 
dried, aspirated with house vacuum, stoppered, and placed in the 
thermojacket. The reference cell was rinsed five times with distilled 
water and three times with reference solution. It was then filled with 
solution and placed in the thermojacket to equilibrate at least 30 
minutes prior to starting a run. Reference solution for all runs was 
identical to the run solution save only for the omission of palladium. 

About 20 minutes prior to ccmmencing a run, a sample of Pd stock 
solution was scanned . 600-340 mu in the DB to ensure that no 
hydrolysis had occurred. The DB was left on (but not recording) at 
470 mu during the kinetic run to further monitor the stock solution. 
Since the absorbance of Pd (OH). is quite different at 470 my than that 
of PAC1L, , the onset of hydrolysis is easily seen by a large change in 
absorbance. 

Just before starting a run, the DU was nulled using the reference 
solution. To actually start a run, the required amount (usually 10 m1) 
of Pd stock solution was pipetted into the flask containing the run 
solution using a delivery pipet and bulb. The clock was started when 


half the solution had been delivered. The flask was removed from the 
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bath, swirled vigorously to mix the solution, and about half the 
solution was poured into a clean, dry 50 ml beaker and then into the 
cell. The thermojacket and cells were placed in the instrument. The 
null was checked, and readings were begun. Using this procedure, the 
first reading could be taken about 90 seconds after mixing. 

For first step studies, readings were taken at intervals of 2.5 or 
5 minutes, depending on the speed of reaction. In either case, the 
instrument null was checked just prior to each reading. Readings were 
continued until the change in absorbance was less than 0.005 or until 
20 points had been recorded. 

For second step studies, readings were taken at 2.5 minute intervals 
for 100 minutes. 

Upon completion of each run, a sample of run solution was withdrawn 
from the cell and scanned over a range 600-200 mu in the DB to determine 
the approximate composition by observing the wavelengths at which maxima 
occurred. Comparison with known complex maxima thus gave a rough qual- 
itative complex composition. 

It was planned to use atomic absorption spectrometry to determine 
the Pd concentration in the unused portion of the run solutions. 
Accordingly, four run solutions were made up in sufficient quantity 
(500 ml) to enable determination of Pd xeniemectad' ive These 
solutions were used to establish a reference curve on the Perkin Elmer 
Model 303 spectrophotometer and all other run solutions were determined 
from this. Figure 4-1 illustrates the reference curve and Table 4-1 


lists all run solutions and their compositions. 
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Solution 


D4A 

D5A 

D4B 
D4B0.7 
D4B0.5 
D5B 

D4B (2Ac) 
D4B (4Ac) 
D4C 

D5C 
D5CO.7 
D5CO.5 
D4D(T) 
D4D (IT) 
D5DO.7 


10° [Pa] 


3.05 
2.16 
see 
3.22 
3.43 
2.04 
3,27 
3.02 
3.30 
2.00 
4.14 
442 
3.28 
3.25 
4.45 


TABLE 4-1 


Sil 


Solution 


D5D0.5 
D4E 
D5F 
E5A 
E4A0.7 
E3A0.5 
E5B 
E5B0.7 
E5B0.5 
E5C 
E5C0.7 
E5C0.5 
G5C 
G5C0.75 
G5A0.5 


10" [ Pd | 


4.51 
2 2D 
4.41 
4.81 
3.60 
2.98 
4.42 
4.47 
4.55 
4.07 
4.55 
4,54 
3.85 
4,05 
4.36 


SECTION V 


DATA HANDLING AND RESULTS 


METHODS 

As previously described, observed pseudo-first-order rate constants 
for the first step were obtained by plotting dD/dt as a function of D 
and measuring the slope of the resulting straight line. Absorbance 
data from all runs is listed in Appendix A. 

The computer program listed in Appendix B was written to evaluate 
dD/dt (using the approximation dD/dt ~ Av/At), plot the results, and 
fit the best straight line to the points. Figure 5-l is a sample of 
this plot. A linear least-Squares fit was used, and standard deviations 
were computed for both the slope and intercept. 

On the basis of previous eas it was assumed that the 
reactions: 

1) Were first-order in comples, 

2) Were independant of pH, and 

3) Did not exhibit any acetate ion efiects. 

To verify the first assumpticn, data runs were made at varying 
values of Pd concentrations. Computer reduction of the data yielded 
k values which were identical within experimental error. These 


obsd 


results are displayed in Table 5-l. 


TABLE 5- 
4 4 
Run 1E8) (Pd) LO Kobsd 
D4A e710) LP) 
D5A Zee 2239 
D4B Seal Bs 
D5B 2.04 5.64 
D4C eae te) ee 


D5C 2200 1.40 


ac 


~ 


Wo — Wi (o>) 


dD/dt x 107 





Sree = 
Bkke a? 


Dx "iG 


— 


Figure 5-1: Program KINET ee role pe D for solution E4A0.7 


kas, seemed 9 ill = 0.517 
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To verify pH dependence, a data run was made at a changed buffer 


ratio, giving a pH of about 4. The resulting value of k agreed quite 


obsd 
well with that predicted assuming no pH dependence. The value observed 
is plotted on Figure 5-2. 


Proof of no accetate ion interference was obtained by making two 


runs at varying buffer concentrations. The results are shown in Table 5-2. 


TABLE 5-2 
Z 4 
Run 10” (CHOAc) 10 K bsd 
DGB Fro 5. oe 
D4B(2Ac) 2.0 5.42 
D4B (4Ac) 0.5 5.04 


To determine values for the actual rate constants, the observed 
values from the computer were divided by the ammonia concentration. A 
plot of these values versus the reciprocal of the free chloride concen- 
tration yielded a linear relationship from which the actual rate constants 
could be obtained. Figures 5-2 and 5-3 show the results obtained at 25°C 
and 30°C Me eevively . 

This procedure indicates that: 


(NH. ) 


<eoeasSicce) 


+ k, (NH 
2° 3? 
A mechanism which is consiStent with this indication is the dual-path 


mechanism 


a ML,X 


Se + a 
kag teMbgS— "IC 


where S is a solvent molecule, X is the entering group, and Y is the 


leaving group. Now, if k_, 7k &), the rate law may be shown to be: 
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Rate = Kae ©) 
“a + «00 (Complex) 

-a (Y) 
3 tk, 3) t: KOO} (Complex) 


For the second step i.e., Pd(NH,)C1, ———-Pd(NH,),Cl,, observed 
values of the pseudo-first-order constants were extracted from a plot of 
In(D -Do) versus time as discussed previously. The values obtained were 
treated as described for the first step. Figure 5-4 illustrates the 


relationship obtained for the second step. 


ACS IVATION PARAMETERS 
Activation parameters for the first step were calculated using the 


following relationships: 


T 
AF” = RTln Tr. 

re 

6 d(in kK 

AH =R([T a ae 

dG) 

* ry 
ee _ AH - AF 
T 


where AF , AH, and As” are the free energy of activation, the enthalpy 
of activation, and the entropy of activation respectively, and Kk. is the 
rate constant. 

It was impossible to characterize the second step sufficiently to 


permit determination of parameters. 


SUMMARY 
Based on the relationship of the rate constants and Ligand concentra- 


tions , the following mechanism is proposed: 


_ ie : “2 
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Based on the results of the aforementioned plots, the following values 


of rate constants and activation parameters are also proposed: 


ee 
25° ¢ 30° c AH As™ 
kcal/mole e.u. 
k 4, 65-4 aes ac oe 12.0 -10.0 
Ko | ie? ut acne 3 lesa MD escieai 8.4 -24.0 
-1 
1 12.5 sec 
-1 -1 
Ko 6.5 M “see 


a9 


SECTION VI 


DISCUSSION 


As noted in the previous section, the rate of NH, substitution 
into Pd(NH,)C1,- is considerably slower than the rate of substitution 
into PdCl, . This is contrary to the expected situation, since, if 
cis Pd2™is™rormed, the ™trans effect Gf Cl should enhance the rate of 
substitution. Furthermore, Durig, et. Aim prepared the cis isomer 
in essentially the same manner as used here so that any explanation 
must account for both the formation of cis-Pd2 and the decrease in 
rate of the second step. 
Equilibrium constants were calculated using Poé's aa for the 
reverse reaction and information determined in this study for the 
forward reaction. Assuming that the rate constants reported in Section V 
are for the formation of cis-Pd2 only, the resulting ratio of cis=Pd2 
to Pd3 is only about 0.034. If, however, the rates are assumed to be 
for the formation of trans-Pd2, the ratio of trans-Pd2 to Pd3 is about 
5. Thus if the cis isomer alone is formed, the equilibrium condition 
must be reached rather quickly. Further, there can not be a large amount 
of Pd2 formed. While no information is available on the kinetics of 
cis formation, spectrophotometric scans of reacted solutions indicated 
the presence of far to much Pd2 to be compatible with this hypothesis. 
It is probable, therefore, that the solution contained an appreciable 
concentration of the trans isomer at the time the scans were made. 
Quantitative information on the rate of cis-trans isomerization is 
Bl 


not presently available, but qualitative data reported by Durig, et. al. , 


indicates that the rate of isomerization is probably so slow as to be 
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negligible under these conditions. Therefore, if the trans isomer is 
present, it must have been a product of the reaction of Pd3 and ammonia. 
In view of the foregoing information, the following reaction path- 


way iS proposed: 


n 


PdCl,~ Ke Pd (NH, )C1,._ 


A cis-Pd(NH,),Cl 


2 


L 


trans-Pd(NH,),Cl, 


therefore, the second step rate constants given in the last section are 
thought to be those for the formation of the trans isomer. 
This conclusion is supported by the large trans yield obtained by 


? 
Durig, et. al. in their attempts to reproduce Gauges ise results 


3 
in synthesis of the cis isomer. It is also supported by their synthesis 
procedure of the cis isomer, since the rapid formation of the cis isomer 


will allow precipitation of it in a relatively pure form. 


Assuming no charge effect on the rates, the rate of trans-Pd2 
4 





2 
= 0.83. Due 
A2 
to incomplete characterization of the second step, however, it is not 


formation (including a statistical correction), is 


possible to ascribe this deviation to any particular effect. If the cis 
effect is operative in this system, it must be small in contrast to the 
very large cis effect previously reporeedaae for reverse reactions in the 
series. 

The kinetics of the formation of cis-Pd2 are not known. There were, 
however, experimental indications of a very fast step which may be attrib- 
utable to this reaction. From these indications, the rate of cis form- 
ation, including a statistical correction, may be estimated to be ca. 14 
times as fast as the rate of formation of Pd3. This value is comparable to 


previous ly Poponeeda trans effect accelerations in the chloroammine Pd(II) 
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System. In view of this information, therefore, it is proposed that 
the trans effect is fee ie in this system. The very rapid formation 
of cis-Pd2 indicates that the Cl ligands exert a definite labilizing 
effect on the ligand trans to them in the comples. 

The equilibrium constants for the first step, i.e., Pd4 ~ Pd3, was 
calculated using kinetic data reported by nae for the reverse reaction 
and data generated in this study for the forward direction. For the Gil. 


independent path, at me 


k 
Cee ae oP 10" 
eq k 
rev 





so that, at the equilibrium point, the ratio of Pd3 to Pd4 is at least 
45 under the conditions used here. 
3 
According to Frost and Pearson , the maximum concentration of the 


intermediate B, in the general series reaction 


is given by the relation: 


Bl _,%/(1L - 4) 


O 


k 
where % = 2/k,- 


Using this equation with kK, = 25.2 and kK, = 5.2, the maximum concentration 


of B, i.e., Pd3, may be shown to be: 


[B] _ [Pd3 
Care 0.664 = — 


Thus, it is evident that the cquilibrium condition is not reached in the 


first step. 


13) A. Frost and R. G. Pearson, Kinetics and Mechanism, John Wiley 


and Sons, Inc., New York, [95395 p. [53 
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APPENDIX A 


Absorbance data from all runs used in calculation of first and 


Ss 


second step rate constants. 


Index of run identifiers: 


18° character - Primary series designator 
D - 18€ step, 30°C data 
Bo iS Gs sat eye OC dala 
G - 274 step, 30°C data 
ond character - Relative Pd concentration within a primary 
Senmies 
ae character - Relative NH i concentration within a primary 


4 


series 
Supplimentary information where required is annotated following 


the identifier. 
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Solution D4A 


(Pd) = 0.000305 M; (CL) = 0.95M ; (NHL, *) = 0.05 M 


Time (Sec) Absorbance Time (Sec) Absorbance 
1620 0.290 6000 0.461 
1800 0.301 6300 0.466 
2100 0.319 6600 i) 4 
2400 0.336 6900 0.478 
2700 0.352 7200 0.483 
3000 0.364 7500 0.488 
3300 0.378 7800 0.491 
3600 0.391 8100 0.496 
3900 0.403 8400 
4200 0.414 8700 0.502 
4500 0.424 9000 0.504 
4800 O 7452 9300 0.507 
5100 0.440 9600 0, S01. 
5400 0.447 9900 0.512 
5700 0,455 


Solution D5A 


(Pd) = 0.000216 M ; (Cl") = 0.95M; (NH) = 0.05 M 


Time (Sec) Absorbance Time (Sec) Absorbance 
1800 0.190 5400 0.286 
2100 0.202 5700 0.290 
2400 0.213 6000 0.294 
2700 6300 0.298 
3000 0.231 6600 0.302 
3500 0.240 6900 0.305 
3600 0.248 7200 0.308 
3900 02255 7500 Ons 
4200 0.263 7800 0.314 
4500 0.269 8100 0.316 
4800 0.275 8400 0.318 
5100 0.280 


Solution D4B 


(Pd) = 0.000321 M; (C17) = 0.90M; (NH, *) = 0.10 M 


Time (Sec) Absorbance Time (Sec) Absorbance 
1260 023592 3960 0.475 
1560 0.361 4260 0.482 
1860 0.384 4560 0.487 
2160 0.405 4860 0.491 
2460 0.442 5160 0.493 
2760 0.436 5460 0.497 
3060 0.448 5760 0.499 
3360 0.460 6060 0.500 
3660 0.468 
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Solution D4&4BO.7 


(Pd) = 0.000322 M ; (C17) = 0.70M ; (NH) = 0.10 M 


Time Absorbance Time Absorbance 
300 0.226 3300 0.458 
600 07270 3600 0.464 
900 0.306 3900 0.469 

1200 0.339 4200 0.473 

1500 0.365 4500 0.479 

1800 0.387 4800 0.480 

2100 0.407 5100 0.482 

2400 0.424 5400 0.484 

2700 0.435 5700 0.486 

3000 0.447 6000 0.488 


Solution D4BO0.5 


(Pd) = 0.000343 Mm 7 “(el RR Otome (NH,) = 0.10 M 


Time Absorbance Time Absorbance 
300 0.266 2400 0.469 
600 O23 5s 2700 0.480 
900 0.359 3000 0.488 

1200 0.394 3300 0.493 

1500 0.421 3600 0.497 

1800 0.441 3900 0.498 

2100 0.457 4200 0.499 


Solution D5B 


(Pd) = 0,000204™ ; (Cl) = 0.90M ; (NH, ) = 0.10 M 

Time Absorbance Time Absorbance 
1200 0.207 3900 0.296 
1500 0.226 4200 0.301 
1800 0.239 4500 0.303 
200 Wie25 2 4800 0.305 
2400 O. 203 5100 0.309 
2700 Oe27 2 5400 0.311 
3000 0.279 5700 o. 311 
3300 0.286 6000 Oo. 312 
3600 0.292 
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(Pd) = 0.000327 M; (Cl) = 0.90M; (NH, “0 = 0.10 M 


Time (Sec) 


300 

600 

900 
1200 
1500 
1800 
2100 
2400 
2700 
3000 


(Pd) = 0.000302 M; (Cl) = 0.90M; (NH,) = 0.10 M 


Time (Sec) 


300 

600 

900 
1200 
1500 
1800 
2100 
2400 
2700 
3000 


- + 
Gad) = 0.000330 M ; (Cl ) = 0.80N ; (NH, ) = 0.20 M 


Time (Sec) 


150 
300 
450 
600 
750 
900 
1050 
1200 
1350 
1500 


SOLUTION D4B(2Ac) 


AbSorbance 


Oo @ 2 OO 2 2 2 2 a @ 


Bad Bs, 
254 
2208 
2H 
~347 
sj 7 
Fe 10 
407 
421 
433 


Solution D4B(4Ac) 


Absorbance 


SO SC oo 2 2 eo] 


204 
~245 
262 
note 
Pood 
mao 
384 
401 
417 
429 


Solution D4C 


Absorbance 


OOO CC Geo. 


.208 
249 
, 208 
couS 
[O00 
7350 


D2 


,367 
-400 
409 


47 


Time (Sec) 


3300 
3600 
3900 
4200 
4500 
4800 
5100 
5400 
5700 
6000 


Time (Sec) 


3300 
3600 
3900 
4200 
4500 
4800 
5100 
5400 
5700 
6000 


Time (Sec) 


1650 
1800 
1950 
2100 
2250. 
2400 
2550 
2700 
2850 
3000 


Absorbance 
0-442 


459 
466 
469 
474 
.478 
479 
481 
482 


oOo oro 2 2 © OO 


Absorbance 


0.440 
0.449 
0.458 


0.473 
0.478 
0.481 
0.485 
0.487 


Absorbance 


-418 
422 
427 
431 
432 
434 
434 
434 
434 
434 


© OOO 2 © @ ee © 


Solution Dac 


(Pd) = 0.000200 M ; (Cl) = 0.80M; (NH,”) = 0.20M 

Time Absorbance Time Absorbance 
150 0.140 1650 0.274 
300 0.167 1800 0.277 
450 0.191 1950 0.279 
600 0.208 2100 0.280 
750 0.224 2250 0.281 
900 0.238 24.00 0.282 
1050 0.247 2550 0.282 
1200 0.257 2700 0.281 
1350 0.264 2850 0.281 
1500 0.269 3000 0.279 


Solution D5C0.7 


(Pd) = 0.000414 M; (Cl) = 0.70M; (NH,”) = 0.20 M 


Time Absorbance Time Absorbance 
180 Ow 32:2 1080 0.534 
270 0.356 7 O 0.547 
360 0.386 1260 aye Be) 
450 0.413 1350 0.563 
540 0.436 1440 O77 1 
630 OTS 1530 Oy 9 
720 0.476 1620 0.581 
810 0.494 1710 0.588 
900 0.509 1800 Opa Al 
990 O7923 


Solution D5C0,5 


(Pd) = 0.000442 M ; (Cl ) = 0.50™M ; (NH, *) = 0.20 M 
Time Absorbance Time Absorbance 
90 0.301 990 0.542 
180 0.342 1080 0.549 
270 0.386 1170 0.556 
360 0.420 1260 0.560 
450 0.445 1350 0.563 
540 0.469 1440 0.566 
630 0.488 1530 0.568 
720 0.505 1620 0.570 
810 0.519 1710 0.569 
900 0.531 1800 0.567 
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Solution D4D (I) 


(Pd) = 0.000328 M ; (C1) = 0.85M ; (NH) = 0.15 M 


Time Absorbance Time Absorbance 
L50 Oo 2 is 2700 OFa75 
300 0.248 2850 
450 O27 7 3000 0.481 
600 0.305 3150 0.483 
750 0.329 3300 0.484 
900 0.351 3450 0.488 

1050 0.369 3600 0.489 

1200 0.386 3750 0.489 

1350 0.402 3900 0.490 

1500 4200 0.490 

1650 0.428 4500 0.490 

1800 0.436 4800 0.489 

1950 0.444 5100 0.488 

2100 Ona oe 5400 0.486 

2250 0.459 5700 0.483 

2400 0.463 6000 0.481 

2554) 0.468 


Solution D4D (ITI) 


- + 
(Pd) = 0.000325M; (Cl) =0.85M; (NH, ) = 0.15 M 


Time Absorbance Time Absorbance 
150 0.205 2250 0.442 
300 0.237 2400 0.449 
450 0.267 2550 0.453 
600 0.292 2700 0.458 
750 O23 14 2850 0.461 
900 0.335 3000 0.464 

1050 0.354 3150 0.468 

1200 0.369 3300 0.470 

1350 0.384 3450 OFaaL 

1500 0.397 3600 0.473 

1650 0.408 37°50 0.473 

1800 0.418 3950 0.473 

1950 OF477 

2100 0.435 


49 


Solutwon D500, 7 


(Pd) = 0.000445 M; (C17) = 0.70M; (NH, ) = 0.15 M 
Time Absorbance Time Absorbance 
150 0.306 1650 0.603 
300 0.356 1800 0.615 
S50) 0.403 1950 0.627 
600 0.441 2100 0.637 
750 0.474 2250 0.643 
900 0.504 2400 0.649 
1050 0.531 2550 0.654 
1200 0.554 2700 0.658 
1350 0.573 2850 0.661 
1500 0.591 3000 0.664 
Solution D5D0.5 
- + 
(Pd) = 0.000415 M ; (Cl ) = 0.50M ; (NH), Ye 0.5 
Time Absorbance Time Absorbance 
90 0.294 990 0.530 
180 0.331 1080 0.541 
270 0.364 1170 0,552 
360 0.395 1260 0.561 
450 0747 1 1350 0.570 
540 0.444 1440 0.578 
630 0.466 150°) 0.585 
720 0.485 1620 0.591 
810 0.500 1710 0.594 
900 0.515 180C 0.599 
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Solution D4E 


(Pd) = 0.000255 M; (Cl) = 0.98M ; (wi, *) = 0.02 M 
Time Absorbance Time Absorbance 
300 0.159 5400 0.297 
600 0.169 5700 0.303 
900 0.179 6000 0.309 
1200 0.188 6300 0.313 
1500 0.197 6600 0.319 
1800 0.206 6900 07325 
2100 0.214 7200 0.2381 
2400 02223 7500 0.336 
Z7 00 0.230 7800 0.341 
3000 0.238 8100 0.345 
3300 0.246 8400 0.350 
3600 0.256 8700 Og355 
3900 0.263 9000 0.359 
4200 0.270 9300 0.363 
4500 O.277 9600 0.367 
4800 0.284 9900 0.371 
5100 0.290 
Solution D5F 
(Pd) = 0.000441 M ; (CL) =1.0M; (NH,”) = 0.2™ 
Time Absorbance Time Absorbance 
300 0.206 3300 0.355 
600 Opz24 3600 0.366 
900 Oe 2a 3900 02377 
1200 07258 4200 0.389 
1500 0.274 4500 0.401 
1800 0.289 4800 0.410 
2100 0.304 5100 0.420 
2400 0.318 5400 0.428 
2700 0.330 5700 05437 
3000 Ofs43 6000 0.444 


Solution E5A 


(Pd) = 0.000481 M ; (C1) = 0.90M; (NH,”) = 0.10 M 
Time Absorbance Time Absorbance 
300 0.248 3900 0.526 
600 02287 4200 0.539 
900 0, 347 4500 OR552 
E700 0.346 4800 0.565 
1500 O57 2 5100 O25 74 
1800 0.398 5400 0.582 
2100 0.421 5700 0.591 
2400 OR442 6000 02600 
2700 0.461 6300 03607 
3000 0.479 6600 0.614 
3300 0.497 6900 0.618 
3600 OF51 1 7200 0.622 
Solution E4A0.7 
(Pd) = 0.000360 M ; (C1) = 0.70M; (NH,”) = 0.10 M 
Time Absorbance Time Absorbance 
300 06205 3900 0.418 
600 0.234 4200 02427 
900 0.260 4500 OF435 
1200 02263 4800 0.443 
1500 0.304 5100 06450 
1800 G23 23 5400 0.456 
Z100 0.341 5700 0.461 
2400 GF356 6000 0.466 
2700 Deo? L 6300 0.471 
3000 0.384 6600 0.475 
5500 0.396 6900 0.479 
3600 0.408 7200 0.481 
Solution E3A0.5 
(Pd) = 0.000298 M ; (Cl ) = 0.50™M ; (NH, *) = On Onn 
Time Absorbance Time Absorbance 
300 Oe] 3000 0.319 
600 0.202 3300 OF327, 
900 0.224 3600 02334 
1200 O2242 3900 0.340 
1500 0.260 4200 0.345 
1800 O22 7) 4500 0.350 
2100 0.288 4800 05354 
2400 23508 5100 0.358 
2700 07.311 5400 Oe3600 


a2 


Solution E5B 


(Ed) “= 07000422 May Gicl ) —"IorM - (NH) = 0.20 M 


Time 


150 
300 
450 
600 
750 
900 
1050 
1200 
13510 
1500 


(Pd) 
Time 


150 
300 
450 
600 
750 
900 
1050 
1200 
iO 
1500 


(Pd) 
Time 


150 
300 
450 
600 
750 
900 
1050 
1200 
0 


Absorbance 


© ©: OC OC. © © 


234 
- 22 
5 
2515 
A oyegs: 
. 360 


Solution E5BO.7 


Time 


1650 
1800 
1950 
2100 
ZZ) 
2400 
2200 
2700 
2850 
3000 


= 0.000447 M ; (Cl ) = 0./0M ; (NH) x 


Absorbance 


= 0.000455 M ; 


Absorbance 


oooooo oc OC © 


On® © Oo 2 oo oo 


241 
276 


209 


3510 
363 
Ao) 
410 
428 
443 
459 


Solution E5BO.5 


Time 


1650 
18900 
190 
2100 
2250 
2400 
2550 
2700 
2850 
3000 


(Cl = 0,50 Me: (NH, *) = 


#200 


.304 
. 309 
, sve. 
yee] 
421 
441 
458 
471 


By 


Time 


1500 
1650 
1800 
1950 
2100 
2250 
2400 
2550 
2700 


0.20 M 


0.20 M 


Absorbance 


oOo © © cme 0 0 O00 © 


Absorbance 


ooooooo0o0o oO 


Absorbance 


Oo OO 0 OOo 2 © 


447 
459 
471 
482 
491 
901 
910 
2218 
2524 
no; oi 


472 
483 
494 
eZ 
cone 
920 
£926 
ABs 
.936 
41 


.484 
495 
02 
onl 
og 
21 
.528 
70 
oo2 


Solution E5C 


(Pd) = 0.000407 M; (C1) 1.0M; (NH, ) = 0.15 M 

Time Absorbance Time Absorbance 
150 0.232 1650 0.430 
300 0.258 1800 0.442 
450 0.284 1950 0.455 
600 0.305 2100 0.467 
750 0.327 2250 0.478 
900 0.346 2400 0.488 
1050 0.366 2550 0.496 
1200 0.384 2700 0.504 
1350 0.402 2850 O Sie) 
1500 0.418 3000 0.519 

Solution E5C0.7 

(Pd) = 0.000455 M; (Cl) = 0.70M; ne, ) = 0.15 M 

Time Absorbance Time Absorbance 
150 0.270 1650 0.498 
300 0.303 1800 0.511 
450 0, 382 1950 0.525 
600 0.358 2100 0.536 
750 0.383 2250 0.547 
900 0.407 2400 0.557 
1050 0.428 2550 0.564 
1200 0.448 2700 0.572 
1350 0.465 2850 0.580 
1500 0.482 3000 0.591 

Solution E5C0.5 

(Pd) = 0.000454 M ; (C1) = 0.50M; (NH,”) = 0.15 M 

Time Absorbance Time Absorbance 
150 0.269 1650 0.474 
300 0.302 1800 0.485 
450 0.331 1950 0.493 
600 0.355 2100 0.503 
750 0.376 2250 52 
900 0.399 2400 0.520 
1050 0.418 2550 0.527 
1200 0.434 2700 0.531 
1350 0.449 2850 0.536 
1500 0.461 3000 0.541 


54 


(2a) 
Time 


120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
PaZU 
2040 
2160 
2280 
2400 
2520 
2640 
2760 
2880 
3000 


(Pd) 
Time 


150 

360 

450 

600 

750 

900 
1050 
1200 
1350 
1500 
1650 
1800 
1950 
2100 
2250 
2400 
250 
2700 
2850 
3000 


Solution G5C 


= 0.000385 M; (Cl) =1.0M; (NH) = 0.2M 

Absorbance Time 
0.445 3120 
0.469 3240 
0.488 3360 
0.501 3480 
O.511 3600 
O52 | 3720 
O1530 3840 
O7557 3960 
0.540 4080 
0.544 4200 
0.548 4320 
0.550 4440 
0.552 4560 
4680 

OR s)s.74 4800 
O553 4920 
02555 5040 
5160 

0.551 5280 
Oe 550 5400 
0.548 5520 
0.545 5640 
Om5e7 5760 
0.540 5880 
0.538 6000 

Solution G5C0.75 
= 0.000405 M; (Cl) = 0.75 ; (NH, ”) = 9,2 

Absorbance Time 
0.413 3150 
0.441 3300 
0.446 3450 
0.454 3600 
OLAS y, 3750 
0.461 3900 
0.460 4050 
0.459 4200 
0.459 4350 
0.455 4500 
Oyee2 4650 
0.449 4800 
0.447 4950 
0.442 5100 
0.438 5250 
0.432 5400 
Ov423 5550 
Oieee? 2 57.00 
0.418 5850 
0.411 6000 


oe) 


Absorbance 


©: @2@ OO 2G @ @ OC eto © e2z2 © 2 


OS Co ee 


Absorbance 


0.407 
0.401 
0: 
0 
0 


(eee TE Se 


Ora SO © CC One. 


.934 
a0 
2929 
B53, 
soe2 
og 
914 
oO 
.208 
, 903 
. 500 
497 
494 
490 
487 
484 


477 
474 
471 
468 
465 
461 
.460 
~457 


394 


. 389 
~385 


Be Yao, 
on 


364 


. 360 
.354 
349 
.345 
342 
.338 
35 
pool 
329 
520 


Solution G5A0.5 


(Pd) = 0.000436 M; (C1) = 0.50M ; (NH) = 0.10 M 


Time Absorbance Time Absorbance 
150 0.434 3150 0.492 
300 0.455 3300 0.489 
450 0.468 3450 0.487 
600 0.474 3600 0.484 
750 0.482 3750 0.481 
900 0.489 3900 0.478 

1050 O01 4050 0.474 

1200 0.502 4200 Onp7 2 

P50 O,902 4350 0.469 

1560 0,502 4500 0.466 

1650 0.502 4650 

1800 02.902 4800 0.460 

1950 0.502 4950 02457 

2100 025,02 5100 Ora5 3 

2250 0,02 5250 0.451 

2400 5400 0.448 

2550 OFS'01 5550 0.445 

2700 0.500 5700 0.441 

2850 0.498 5850 0.438 

3000 0.495 6000 0.435 


Sie 


APPENDIX B 


Program KINET was written in FORTRAN IV language and executed 


on the Naval Postgraduate School IBM System 360 digital computer. 
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